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Abstract
Knowledge of spatial patterning of GTPases is critical to understanding protein function since
subcellular localization is essential for normal protein function. In this paper, we discuss how Hahn’s
group has created a new type of genetically encoded, light-activated enzyme that allows precise
temporal and spatial control of the small GTPase, Rac1. This reagent enables this group to analyze the
roles of effector proteins in Rac1 function and may be applicable to other signaling proteins.
Introduction and context
The ability to exert precise spatial and temporal control
over enzymes in an in vitro cell culture setting has been a
longtime obsession for many cell biologists, and with
goodreason.Suchtoolsallowonetoaskandanswermany
questions about protein function which are not easily
addressed by other methods.The trick is how tomakeand
use such tools. For many years, various ‘photo-caged’
constructs [1-4], which generally consist of a chemical
moiety that blocks enzyme function until decomposed by
light,havebeenemployed.Suchphoto-cagedenzymesare
notwithoutproblems,however,astheytypicallycomprise
chemically modified enzymes that must then be micro-
injected into cells, with attendant issues regarding proper
localization, dosing, stability, and half-life within cells.
Also, activation requires irradiation with UV light, which
is toxic to cells. A much better approach would be to
genetically encode the photo-caged enzyme and perform
photo-cleavage with shorter wavelengths, but how?
Major recent advances
Recently, unnatural amino acid derivatives protected
with a photo-cleavable moiety have been used to label
endogenous proteins, but this method is cumbersome,
requiring one to rewire the cells’ tRNA system such that
the altered amino acid is properly handled in protein
translation [5,6]. Also, it is not clear whether this
strategy can be easily adapted to mammalian cells.
Hahn’s group [7], which has previously constructed a
number of elegant biosensors for small Rho-family
GTPases, solves many of these problems by fusing a
portion of phototropin-1 containing a light oxygen
voltage (LOV) domain to the N-terminus of constitu-
tively active Rac1. When fused in this manner, LOV
interacts in the dark to sterically inhibit Rac1 from
binding to its effector proteins [7]. Upon exposure to
458-nm light, the photo-activatable Rac1 (PA-Rac1)
molecule unfolds and unleashes the active GTPase,
which is now competent to bind effectors and
propagate signals. Importantly, the process is reversible
as removal of the light source results in resumption of
the closed conformation and inhibition of PA-Rac1.
Perhaps equally important, the strategy is potentially
portable, at least to other small GTPases, as Hahn’s
group shows that a similar LOV-Cdc42 construct also
can be manipulated, albeit with some fine-tuning, with
non-toxic wavelengths of light.
In the first of back-to-back papers in Nature,W uet al. [7]
use a PA-Rac1 construct to explore a longstanding
problem in the GTPase field: are particular effector
subsets employed by Rac1 to carry out specific functions?
They found that irradiation of PA-Rac1 produced
abundant protrusions within seconds of exposure and
that the degree of protrusive activity could be titrated
according to the intensity of irradiation, directly linked
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types, localized activation of Rac1 near the cell edge was
accompanied by directional migration, with protrusions
at the light-activated edge and retraction at the opposite
pole. The Rac1-induced protrusions could be inhibited
by a peptide inhibitor of the Rac-activated kinase, Pak1,
but not by myosin inhibitors, whereas the opposite was
true with regard to cell retraction. To determine the
mechanism whereby localized activation of Rac1 could
affect myosin activity and actin organization at the
opposite pole, Wu et al. [7] co-expressed PA-Rac1 with a
RhoA biosensor, thereby showing that activated Rac1
immediately inactivates RhoA in its vicinity. These results
square with a large body of literature regarding the yin-
yang relationship between these two small GTPases [8].
Life, however, especially life at the cellular level, is never
that simple. In an accompanying paper, Machacek et al.
[9] further explore how the activities of these GTPases are
coordinated during cellular protrusion. Exploiting their
existing stable small GTPase biosensors, they report that
activated RhoA is not confined to the trailing edge of the
cell but instead is activated at the leading cell edge,
proximal to and prior to activation of Cdc42 and Rac1.
These results suggest that RhoA is involved in the earliest
steps in cell protrusion and that Cdc42 and Rac1 are
invoked later to reinforce or stabilize nascent protru-
sions. While these findings are not revolutionary, as
activated RhoA has been previously sighted at the
leading edge [10,11], they go further than any before in
terms of clarifying the spatial and temporal relationships
between these critical GTPases.
While the PA-Rac1 system is, in our opinion, the current
champion in this arena, other contenders have also risen
to the challenge of GTPase photo-activation. For
example, Harwood and Miller [12] developed a photo-
activatable Cdc42 GTPase using a different technology to
achieve spatiotemporal control of small GTPases. Their
photo-caged GTPases have an alkylated small molecule
with a HaloTag ligand positioned at a critical residue
(Cys 18) in the GTP-binding pocket, rendering them
inactive. The ligand attached to the small molecule
enhances silencing by recruitment of the recombinant
protein, HaloTag, resulting in steric hindrance and
interference with normal protein interactions and GTP
binding. Upon UV irradiation, this small photo-cage
dissociates and Cdc42 GTP-binding capacity is restored.
Since most Rho GTPases contain Cys at position 18 in
the nucleotide-binding site, this strategy is likely to be
generalizable to other family members. However, this
approach, though elegant, retains the limitations of cell
toxicity from UV irradiation, irreversible activation, and
the need for microinjection.
Future directions
Where do we go from here? It would be wonderful if the
approach of Hahn’s group – perhaps we can call it ‘the
fusion of LOV’–proves exportable to other proteins
beyond the family of small GTPases as photo-activation
in general is too important a tool to be limited to a few
enzymes. It is not clear how easy this will be, but
promising alternatives exist. The Rosen lab [13] recently
employed another reversible light-activated genetically
encoded system that takes advantage of the photosensory
protein phytochrome B (PhyB) from Arabidopsis thaliana
and its light-dependent ligand, a domain of phytochrome
interacting factor-3 (Pif3). When each partner is fused to a
given protein pair (in this case, Cdc42 bound to PhyB and
its effector, Wiskott-Aldrich protein, bound to Pif3), red
light induces rapid binding and activation, resulting in
actin filament assembly required for cell growth and
motility. This approach is likely to be adaptable to other
proteins as Levskaya et al. [14] have made similar fusions
to drive Tiam1, a Rac activator, to particular spots on the
plasma membrane in a light-controlled fashion, resulting
in local activation of this GTPase. Whether one system or
the other proves the most adaptable, it is clear from these
reports that we are at the dawn of a new era in precision
control of enzyme activity in cells.
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